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Section  3 


Increasing  Altitude  to  Increase  Coverage 


Although  the  tactical  satellite  reference  orbit  is  100  NM,  it 
should  be  clear  from  a  number  of  the  preceding  figures  that 
raising  the  altitude  could  pay  significant  dividends  with  respect 
to  contact  time.  By  moving  higher,  the  FORs  grow  larger  and  the 
satellite  speeds  slow  down,  both  of  which  will  increase  contact 
time.  Additionally,  at  higher  altitudes  the  already  tenuous 
atmosphere  becomes  even  thinner,  allowing  satellites  to  stay 
aloft  for  much  longer  periods. 

There  is  a  price  to  be  paid,  however,  for  increasing  orbital 
altitude.  It  takes  more  energy  to  get  to  the  higher  orbit,  and  this 
energy  does  not  come  for  free.  It  is  possible  to  buy  larger 
boosters  to  put  satellites  into  higher  orbits,  but  such  boosters  do 
not  currently  meet  the  tactical  satellite  goals  for  cost  and 
responsiveness.  Use  of  the  same  booster  to  go  to  a  higher  altitude 
is  assumed  for  this  paper.  The  energy  that  can  be  supplied  by  this 
booster,  then,  cannot  change.  The  energy  of  a  satellite  in  orbit  is 
related  to  its  velocity,  altitude,  and  mass.  In  any  specified  orbit, 
altitude  and  velocity  are  not  independent,  so  they  cannot  be 
controlled  separately.  Thus,  if  we  want  to  increase  the  altitude  of 
a  satellite  while  keeping  constant  the  energy  required  to  place  it 
in  orbit,  we  must  decrease  its  mass.  As  can  be  seen  from  Figure 
23,  the  mass  that  can  be  put  into  higher  orbits  decreases  almost 
linearly  as  altitude  increases.  The  mass  decrease,  however,  is 
rather  unsubstantial.  Using  the  same  booster  and  an  optimistic, 
highly  simplified  energy  model,  it  takes  the  same  amount  of 
energy  to  put  1000  lbs.  (454  kg)  into  a  100  NM  (185  km)  orbit  as 
it  does  to  put  a  958  lb.  (435  kg)  payload  into  a  500  km  orbit.43 
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Figure  23.  Mass  that  can  be  boosted  to  a  range  of  orbits 
using  the  same  amount  of  energy,  based  on  a  booster  capable 
of  placing  a  1000-lb.  payload  in  a  100  NM  orbit.44  Results 
based  on  a  highly  simplified  model.  Actual  mass  capability 
would  be  substantially  less  at  altitudes  higher  than  the 
reference  orbit. 


Although  attained  at  about  a  5  percent  mass  penalty,  the  higher 
orbit  also  has  the  benefit  of  allowing  the  satellite  to  have  a  much 
longer  lifetime.  Based  on  standard  atmospheric  models  and 
assuming  no  thrust  is  applied  to  counteract  drag,  a  small  satellite 
in  a  400  km  orbit  will  last  several  hundred  times  longer  than  a 
similar  satellite  in  a  200  km  orbit.45  Keeping  satellites  flying 
longer  requires  carrying  aloft  substantial  quantities  of  fuel,  fuel 
that  costs  a  great  deal  in  terms  of  the  satellite’s  mass  budget. 
Increasing  the  orbital  altitude  above  the  tactical  satellite 
reference  altitude  is  an  easy  way  to  get  a  rather  substantial 
increase  in  lifetime  without  having  to  expend  as  much  precious 
fuel.  However,  much  of  this  extra  lifetime  is  somewhat  irrelevant 
as  it  greatly  exceeds  the  tactical  satellite  goal  lifetime  of  six 
months  to  one  year.  Extending  the  lifetime  would  certainly 
reduce  the  per-hour  costs  of  the  satellite,  all  else  being  equal. 
However,  the  goal  lifetime  was  determined  as  the  maximum 
amount  of  time  that  cheap,  not-space-qualified  parts  would  be 
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likely  to  last  before  failure — and  these  inexpensive  parts  are 
critical  to  being  able  to  meet  the  $20  million  acquisition- 
through-launch  budget  goal.46 

Employing  Constellations  to  Increase  Coverage 

One  of  the  major  unfilled  requirements  of  the  ongoing  conflicts 
in  Iraq  and  Afghanistan  is  the  need  for  persistent  C2ISR.  The 
persistence  commanders  almost  unfailingly  call  for  is  24/7,  stay- 
and-stare  persistence.47  As  shown,  it  is  not  possible  for  a  single 
satellite  in  LEO  to  provide  this  persistent  coverage.  COCOMs 
are  well  aware  of  this  limitation.48 

Frequently,  proponents  of  tactical  satellites  propose  fielding 
constellations  of  multiple  satellites  in  order  to  mitigate  the  size 
of  the  gaps  in  coverage.  According  to  Major  Adam  Mortensen, 
Branch  Chief  for  Space  Demonstrations  at  the  Air  Force  SMC’s 
Transformation  and  Development  Directorate  (TD),49  “you  can 
get  24/7  coverage,  depending  on  how  many  [satellites]  you  put 
into  .  .  .  different  [orbital]  planes.”50  While  a  true  statement,  in 
many  cases  the  answer  to  the  question  “how  many”  may  not  be 
palatable  to  those  with  a  constrained  budget.  A  recent  Scitor 
study  for  STRATCOM  determined  that  it  would  take  about  80 
satellites  in  500  km  orbits  to  provide  24/7  coverage  of  the 
globe.51  While  extremely  comprehensive  in  nature,  this  study 
exclusively  used  horizon  FORs  for  its  calculations  and  optimized 
its  results  to  provide  24/7  global  coverage,  conditions  specified 
by  Scitor’ s  customer.  As  discussed  above,  FORs  are  mission- 
driven  and  the  horizon  FOR  specified  for  the  Scitor  study  is  not 
always  the  appropriate  one.  Restricting  the  FOV  to  less  than  the 
horizon  will  significantly  increase  the  number  of  satellites 
required  to  provide  similar  seamless  coverage.  Since  this  is  an 
effort  to  determine  the  tactical  utility  of  FEO  satellites,  the 
requirement  for  continual  global  coverage  provided  to 
STRATCOM  seems  quite  excessive  for  this  purpose.  Fet  us  now 
consider  where  the  desire  for  tactical  effects  will  drive  the  total 
constellation  number. 

Instead  of  providing  the  obviously  strategic  mission  of  global 
24/7  coverage,  it  is  more  instructive  for  this  purpose  to 
investigate  the  constellation  requirements  for  achieving 
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persistent  coverage  of  a  tactical  region.  Since  the  exact  pass 
times  of  each  satellite  in  a  constellation  are  pseudorandomly 
distributed,  it  is  somewhat  difficult  to  calculate  the  exact  satellite 
requirements  for  a  persistent  constellation.  Instead,  a  simple 
estimation  method  will  give  a  reasonably  good  number  on  the 
low  end  of  that  actually  required.  This  low-end  number 
continues  the  attempt  to  present  the  tactical  satellite  program  in 
the  best  light  possible. 

A  simple  approach  to  approximating  the  number  of  satellites 
required  to  give  24/7  coverage  of  a  single  spot  on  earth  can  be 
found  by  dividing  the  minutes  in  a  day  by  the  average  number  of 
minutes  per  day  spent  overhead  by  a  single  satellite.  This 
number  would  be  that  required  for  a  long  train  of  satellites  to 
pass  sequentially  over  the  target.  On  average,  the  target  would 
leave  the  FOR  of  one  satellite  just  as  it  was  entering  the  FOR  of 
the  next  satellite  in  the  train.  While  setting  up  and  maintaining 
the  relative  positions  of  such  a  train  of  satellites  would  be  quite 
difficult  in  practice,  the  method  does  give  a  low-end  ballpark 
number  for  the  required  number  of  satellites.  It  is  important  to 
remember  that  these  estimates  are  based  on  average  coverage; 
there  will  be  many  days  where  even  these  constellations  would 
fall  short  of  the  goal  of  24/7  coverage  of  the  target. 

Figures  24  and  25  show  the  requirements  for  the  number  of 
satellites  orbiting  at  100  NM  and  500  km  to  provide  constant 
tactical  coverage.  As  can  be  seen,  for  a  horizon  FOR  it  would 
take  at  least  39  satellites  to  provide  persistent  coverage  over 
Baghdad.  Raising  the  altitude  to  500  km  decreases  the 
requirement  to  1 9  satellites.  For  comm/BFT  missions  with  a  five 
degree  look-up  requirement,  the  constellation  numbers  rise 
somewhat  to  66  and  27  for  100  NM  and  500  km  orbits, 
respectively.  For  the  constrained  FOR  inherent  in  imagery,  45 
degrees  off-nadir,  the  persistent  constellation  requirements  are  at 
least  188  for  a  500  km  orbit  and  867  for  the  tactical  satellite 
reference  altitude  of  100  nm.  Every  one  of  these  $20  million 
satellites  would  also  need  to  be  replaced  after,  at  most,  one  year 
on  orbit,  based  on  the  satellite  lifetime  goals  of  the  program. 
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Figure  24.  Approximate  number  of  satellites  required  to 
populate  a  persistent  constellation  orbiting  at  100  NM.  The 
curves  represent  data  for  three  mission  types:  SIGINT 
(solid),  comm/BFT  (dashed),  and  imagery  (dotted).  Two 
panes  are  shown  due  to  the  disparity  of  scale  between  the 
different  FORs. 


Approximate  Number  of  Satellites  Required  to  Provide  24/7  Tactical  Persistence  from  500  km 
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Figure  25.  Approximate  number  of  satellites  required  to 
populate  a  persistent  constellation  orbiting  at  500  km.  The 
curves  represent  data  for  three  mission  types:  SIGINT 
(solid),  comm/BFT  (dashed),  and  imagery  (dotted).  Two 
panes  are  shown  due  to  the  disparity  of  scale  between  the 
different  FORs. 
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Extending  the  Analysis  to  Elliptical  Orbits 


In  an  attempt  to  avoid  the  financial  hurdle  imposed  by  the 
physical  constraints  on  objects  orbiting  in  LEO,  tactical  satellite 
proponents  also  advocate  using  a  highly  elliptical  orbit  based  on 
those  used  by  Russian  Molniya  comm  satellites.  Satellites 
orbiting  in  the  equatorial  geostationary  orbits  normally  used  by 
comm  satellites  are  very  close  to  or  below  the  horizon  for  much 
of  the  Russian  landmass.  To  get  around  this  limitation,  the 
Russians  put  much  of  their  comm  capability  on  satellites  in 
highly  elliptical  “Molniya”  orbits  that  are  designed  to  spend  a 
large  fraction  of  their  orbital  periods  in  view  of  specific  high- 
latitude  locations.  The  apogees  of  these  orbits  are  almost  40,000 
km  above  the  earth,  even  further  than  GEO  orbits,  while  their 
perigees  are  generally  between  200  and  2,000  km  (example 
shorthand:  200  x  40,000  km).52  These  apogee  and  perigee 
distances  are  chosen  for  two  reasons.  First,  they  cause  the 
satellites’  orbital  periods  to  be  half  a  day  so  their  ground  tracks 
repeat.  Second,  remember  that  the  closer  to  earth  a  satellite  is, 
the  faster  it  moves.  The  Molniya  apogee  is  designed  to  occur  as 
the  satellite  reaches  its  maximum  northern  latitude.  The  satellite 
and  its  huge  FOR  move  very  slowly  there,  so  it  spends  a  great 
deal  of  time  in  this  part  of  its  orbit.  As  it  accelerates  back  toward 
its  perigee,  it  zips  past  the  earth’s  southern  hemisphere, 
providing  a  very  small,  rapidly  moving  FOR  there.  Since  the 
point  of  the  satellite  is  to  give  good  coverage  of  Russia,  this 
setup  works  quite  well.  Additionally,  Molniya  orbital 
inclinations  must  be  set  at  exactly  63.4  degrees  so  their  apogee 
point  does  not  shift  to  the  southern  hemisphere  over  time.53  With 
such  attributes  as  repeating  ground  tracks  and  long  hang  times 
over  high  latitudes,  it  takes  only  two  or  three  satellites  in  a 
Molniya  constellation  to  provide  constant  coverage  of  Russia.54 

It  takes  a  huge  amount  of  energy  to  get  any  appreciable  mass 
into  a  Molniya  orbit,  energy  well  in  excess  of  what  any 
envisioned  responsive  booster  could  affordably  provide.  To 
provide  similar  benefits  from  an  orbit  that  actually  might  be 
reached  by  a  responsive  booster,  the  “Magic  Orbit”  (occasionally 
called  the  MAJIC  orbit55)  is  being  offered  as  an  alternative  to 
circular  low-earth  orbits  by  proponents  such  as  SMC/TD 
(Directorate  of  Development  and  Transformation)  and  AFRL.56 
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These  magic  orbits  are  essentially  lower-altitude  versions  of  the 
Molniya.  Their  perigee/apogee  distances  are  greatly  reduced 
(approximately  500  x  8,000  km),  and  the  period  is  only  1/8  of  a 
day  instead  of  half.  The  FOR  sizes  are  substantially  smaller  at 
apogee.  Figure  26  shows  the  relative  sizes  of  the  GEO,  Molniya, 
and  magic  orbits.  Figure  27  shows  representative  apogee  and 
perigee  FORs  for  a  magic  orbit  along  with  the  ground  track  that 
repeats  every  eight  orbits. 


Figure  26.  Scale 
drawing  of  magic, 
Molniya,  and  GEO 
orbits.  Numbers 
shown  are 
altitudes.  The 
tactical  satellite 
circular  orbit  is 
not  visible  at  this 
scale. 


Earth 


Geosynchronous 
Earth  Orbit 
(35,786  km) 

- Magic  Orbit 

(500  x  8,000  km) 


Molniya  Orbit 
(1,600x39,000  km) 


Figure  27.  Magic  orbit  apogee  and  perigee  FORs  and  the 
eight  repeating  ground  tracks  for  an  arbitrary  longitude  of 
the  ascending  node.  Note  the  difference  in  FOR  size  between 
apogee  and  perigee. 
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The  advantage  of  a  magic  orbit  is  that  it  greatly  reduces  the 
number  of  satellites  required  to  provide  24/7  coverage  of  a 
tactical  area.  Instead  of  the  minutes  per  day  of  coverage  provided 
by  LEO  satellites,  magic  satellites  provide  hours.  To  provide 
such  coverage  over  Iraq,  for  example,  it  would  only  take  six 
satellites  in  magic  orbits  using  a  horizon  FOR.57  Six  is  obviously 
a  much  better  number  than  the  twenty  to  hundreds  required  from 
circular  LEO  satellites. 

Again,  for  the  purposes  of  this  study,  the  magic  orbit  will  be 
optimized  to  provide  the  best  coverage  of  a  specific,  tactically- 
sized  area  much  as  was  done  with  the  circular  orbits  discussed 
earlier.  In  this  case,  the  orbital  inclination  is  not  a  free  parameter, 
as  it  must  be  set  to  the  63.4-degree  value  that  prevents  the 
location  of  the  perigee  from  moving.  The  location  of  the  perigee, 
however,  is  a  free  parameter.  This  location  can  be  described  by 
an  angle  called  the  argument  of  the  perigee,  a  measure  of  the 
angular  distance  between  the  point  where  the  satellite  crosses  the 
equatorial  plane  in  a  northerly  direction  and  the  point  where  the 
closest  approach  to  the  earth  occurs,  measured  in  the  direction  of 
the  satellite’s  motion.  Figure  28  demonstrates  this  concept  for  a 
polar  (90  degree  inclination)  orbit.  In  that  figure,  a  satellite  in  the 
solid  orbit  would  spend  most  of  its  time  above  polar  regions 
where  its  high  altitude  would  cause  its  speed  to  be  very  slow.  A 
satellite  in  the  dotted  orbit  would  spend  an  average  amount  of 
time  over  equatorial  regions  since  its  apogee  and  perigee  are 
both  equatorial,  but  would  obviously  spend  less  time  in  the 
northern  hemisphere  than  a  satellite  in  the  solid  orbit. 


Figure  28.  Example  of  the 
argument  of  the  perigee. 
For  these  polar  orbits  with 
the  satellite  assumed  to  be 
traveling  counterclockwise 
from  this  perspective,  the 
argument  of  the  perigee  is 
0  degrees  for  the  dotted 
orbit  and  270  degrees  for 
the  solid  orbit. 


50 


Figure  29  shows  the  effect  of  changing  the  argument  of  the 
perigee  on  the  contact  time  over  the  example  cities.58  As  can  be 
seen,  the  orbits  that  maximize  the  contact  time  have  arguments 
of  the  perigee  of  approximately  270  degrees.  In  other  words, 
coverage  time  is  maximized  when  the  orbit’s  apogee  occurs  just 
as  the  satellite  reaches  its  maximum  northerly  limit.  This  result  is 
general  for  almost  the  entire  northern  hemisphere,  breaking 
down  slightly  for  very  low  latitude  targets.59 


Argument  of  Perigee  (degrees) 


Figure  29.  Average  daily  contact  time  for  magic  orbits  as  a 
function  of  argument  of  the  perigee.  The  curves  labeled 
“Mean”  show  the  contact  time  at  the  specified  argument  of 
the  perigee  averaged  across  all  longitudes.  The  curves 
labeled  “Maximum”  and  “Minimum”  show  the  contact  time 
at  the  absolute  best  and  worst-situated  longitudes, 
respectively. 

Now  that  the  optimal  argument  of  the  perigee  has  been 
determined,  consider  the  numbers  related  to  optimized  magic 
orbits.  Figure  30  shows  the  average  daily  contact  time  as  a 
function  of  target  latitude  for  satellites  in  magic  orbits.  Three 
curves  are  shown  for  the  two  potential  missions  a  satellite  in 
such  an  orbit  could  perform:  SIGINT  and  com  m/1 1  FT. 
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The  reason  the  use  of  magic  orbits  for  imagery  missions  has 
been  discounted  will  be  discussed  below.  As  can  be  seen,  the 
daily  contact  times  for  magic  orbits  are  significantly  higher  than 
those  for  the  LEO  cases  studied  earlier,  ranging  from  about  three 
to  almost  12  hours  per  day.  It  is  these  long  contact  times  that 
allow  the  constellation  sizes  for  magic  orbits  to  be  so  much 
smaller  than  for  low  earth  circular  orbits. 


Figure  30.  Average  daily 
contact  time  for  magic 
orbits  as  a  function  of 
latitude  for  three  FORs. 


There  are  several  operational  constraints  associated  with  magic 
orbits,  however.  As  mentioned  above,  resolution  and  signal 
strength  can  become  problems  when  range  increases.  Figure  31 
shows  the  minimum,  average,  and  maximum  ranges  from  target 
to  satellite  when  the  target  is  within  the  5-degree-above-the- 
horizon  comm/BFT  FOR.  Satellites  in  magic  orbits  are,  on 
average,  17  times  further  from  a  target  than  they  are  in  a  500  km 
circular  orbit. 

Figure  31.  Average  range 
from  a  satellite  in  a  magic 
orbit  with  a  FOR  of  five 
degrees  above  the  horizon  as 
a  function  of  latitude.  The 
curve  labeled  “Mean”  shows 
the  range  averaged  across 
all  longitudes.  The  curves 
labeled  “Maximum”  and 
“Minimum”  show  the  range 
at  the  absolute  best-  and 
worst-situated  longitudes,  respectively. 
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This  additional  distance  is  a  huge  disadvantage  for  both  the 
linear  resolution  function  relevant  to  imagery  applications  and 
the  very  basic  1/r2  signal  strength  attenuation  function  relevant  to 
all  electromagnetic  applications.60 

Additionally,  unlike  most  comm  satellites  used  today,  tactical 
satellites  will  not  be  in  geostationary  orbit.  They  will  move 
across  the  sky,  constantly  changing  not  only  position  but  range. 
Figure  32  shows  the  minimum,  average,  and  maximum  angular 
rate  at  which  the  satellite  moves  across  the  sky  for  various 
latitudes.  Figures  33,  34,  and  35  show  the  apparent  paths  of  a 
single  satellite  in  a  magic  orbit  across  the  sky  from  the  three 
example  cities  of  Bogota,  Baghdad,  and  Oslo,  respectively.  As 
can  be  seen  from  the  non-uniform  spacing  between  timing  dots 
in  the  figures,  the  satellites  not  only  move,  but  change  apparent 
speed  during  their  passes. 

Figure  32.  Average 
apparent  rate  of  motion 
across  the  sky  for  a  satellite 
in  a  magic  orbit  with  a  FOR 
of  five  degrees  above  the 
horizon  as  a  function  of 
latitude.  The  curve  labeled 
“Mean”  shows  the  rate 
averaged  across  all 
longitudes.  The  curves 
labeled  “Maximum”  and 
“Minimum”  show  the  rate 
at  the  absolute  best-  and  worst- 
situated  longitudes,  respectively. 
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Magic  Orbit  Satellite  Passes  over  Baghdad 

North 


South  ^ 


0-5  deg  above  the  horizon 
5-10  deg  above  the  horizon 


Figure  33.  Representative  repeating  magic  orbit  passes  over 
Bogota.  Ten-degree  elevation  rings.  Dots  are  spaced  ten 
minutes  apart.  Numbers  indicate  the  order  of  the  passes. 
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Figure  34.  Representative  repeating  magic  orbit  passes  over 
Baghdad.  Ten-degree  elevation  rings.  Dots  are  spaced  ten 
minutes  apart.  Numbers  indicate  the  order  of  the  passes. 
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Magic  Orbit  Satellite  Passes  over  Oslo 


0-5  deg  above  the  horizon 
5-10  deg  above  the  horizon 


Figure  35.  Representative  repeating  magic  orbit  passes  over 
Oslo.  Ten-degree  elevation  rings.  Dots  are  spaced  ten 
minutes  apart.  Numbers  indicate  the  order  of  the  passes. 
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West 


While  range  and  apparent  motion  both  add  complexities  to  the 
tactical  satellite  problem,  an  even  larger  impediment  to  putting 
tactical  satellites  into  magic  orbits  comes  from  the  environment. 
The  Van  Allen  radiation  belts  are  two  doughnut-shaped  shells 
surrounding  the  earth  containing  high  energy  particles  (both 
protons  and  electrons  in  the  inner  belt — about  1,400  to  10,000 
km  in  altitude — and  primarily  electrons  in  the  outer  belt — 
between  about  13,000  and  32,000  km  altitude).61  Figure  36 
shows  the  locations  of  the  hearts  of  the  belts  in  relation  to  the 
LEO  and  magic  orbits.  It  must  be  noted  again  that  the  shells  are 
toroidal  and  the  orbits  do  not  intersect  the  belts  at  all  times  as 
shown  in  the  simplified  schematic.  Flowever,  the  orbits  do  pass 
through  the  hazard  region  on  an  extremely  regular  basis.  At 
times,  even  LEO  satellites  can  pass  through  anomalous  regions 
of  the  Van  Allen  belts. 


Figure  36.  Scale  drawing  of  the  tactical  satellite  reference 
orbit  and  magic  orbit.  Orbits  and  belts  are  not  necessarily 
co-planar  but  are  shown  in  this  manner  to  demonstrate  scale. 


Electronics  are  easily  damaged  by  high  energy  particles.  As  the 
feature  sizes  on  COTS  electronics  become  smaller  and  smaller, 
this  vulnerability  only  increases  and  they  become  sensitive 
enough  to  be  damaged  even  when  inside  heavy  shielding.  Using 
radiation-hardened,  space-qualified  electronics  is  the  way  the 
space  industry  commonly  overcomes  these  problems,  but  such 
components  are  frequently  several  generations  behind  cutting- 
edge  and  are  thus  much  slower  and  require  higher  power  than 
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current  models.  The  lower  demand  and  higher  manufacturing 
costs  drive  the  price  of  these  radiation-hardened  components  to 
very  high  levels.62  The  stringent  requirements  placed  on 
components  by  the  mil-spec  system  add  to  the  cost  as  well.  To 
keep  costs  down,  the  tactical  satellite  proponents  plan  to  use 
exactly  the  kind  of  COTS  circuits  that  are  so  vulnerable  to 
radiation- induced  failure.63 

For  LEO  satellites,  using  COTS  electronics  as  a  cost-control 
measure  seems  reasonable,  especially  when  the  short  lifetime  of 
the  satellites  is  taken  into  account.  In  fact,  it  seems  that  aside 
from  atmospheric  drag,  anticipated  electronics  failure  would  be 
the  limiting  factor  for  tactical  satellite  lifetimes.  LEO  satellites 
generally  experience  a  relatively  light  radiation  environment, 
orbiting  below  the  vast  majority  of  the  Van  Allen  belts.  GEO 
satellites  are  above  most  of  the  belts,  but  are  occasionally 
exposed  to  direct  solar  wind  radiation,  especially  during  times  of 
high  solar  activity.  Satellites  in  magic  orbits  traverse  the  heart  of 
the  inner  Van  Allen  belt  about  sixteen  times  a  day.  Although  the 
maximum  amount  of  radiation  experienced  by  a  satellite  is  a 
strong  function  of  orbital  inclination,  the  63  degree  magic 
inclination  is  still  within  the  extreme  danger  zone  for  radiation- 
induced  electronic  failure.64 

Finally,  there  is  an  energy  price  to  be  paid  to  get  satellites  into 
magic  orbits.  They  are  much  higher  than  the  tactical  satellite 
reference  of  100  nm.  Not  only  is  the  energy  required  to  reach  an 
orbit  with  such  high  apogees  and  perigees  much  larger  than 
required  for  the  same  mass  satellite  in  LEO,  an  energy-expensive 
post-launch  inclination  change  will  be  required  to  insert  the 
satellite  into  the  required  63  degree  plane.  The  reason  for  this 
plane-change  requirement  is  that  neither  the  eastern  or  western 
US  launch  ranges  have  the  capability  to  launch  directly  into  this 
inclination.65  Doing  so  would  require  the  booster  to  make  a  low- 
altitude  pass  over  land  masses,  posing  an  unacceptable  risk  to 
populated  areas  should  the  booster  fail.66  Figure  37  shows  the 
allowable  launch  paths  and  their  associated  inclinations  from  the 
two  CONUS  ranges.  67  Not  counting  the  required  plane-change 
maneuver,  a  booster  with  the  capability  to  just  put  the  1000  lb. 
tactical  satellite  reference  mass  into  the  100  NM  reference  orbit 
would  only  be  able  to  put  a  500  lb.  payload  into  a  magic  orbit.68 
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270  deg  azimuth 
yields  (max) 
inclination  o 
1 45  deg 


301  deg  azimuth 
to  avoid  Anchorage 
yields  a  1 36  deg  inclination 
(azimuths  between  201  and 
301  deg  available  but 
outside  normal  ranges) 

'  201  deg 
azimuth  yields 
a  1 05  deg 
inclination 

\| 

i 

/ 

K 

1 58  deg  azimuth 
to  avoid  Baja 
California  yields  a 
72  deg  inclination 


44  deg  azimuth 
to  avoid  Nova  Scotia 
yields  a  54  deg  inclination 
/> _ 


1 1 0  deg  azimuth 
to  avoid  The  Bahamas 
yields  a  34  deg  inclination 


Figure  37.  Launch  restrictions  on  available  azimuths  from 
Vandenberg  AFB  (left  pane)  and  Patrick  AFB  (right  pane). 
Inclinations  between  28  and  54  degrees  are  available  from 
Patrick.  Inclinations  between  72  and  145  degrees  are 
available  from  Vandenberg. 
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Section  4 


The  Operational  Utility  of 
Optimized  Tactical  Satellites 


We  have  now  completed  the  section  of  this  study  that  dealt  with 
explaining  the  many  orbital  and  sensor  constraints  on  satellites  in 
circular  LEO  and  magic  orbits  and  determining  the  absolute  best 
performance  that  can  be  obtained  from  satellites  by  optimizing 
their  orbital  placement.  It  is  now  time  to  examine  space  missions 
and  compare  the  requirements  placed  on  satellites  with  the 
constraints  we  have  studied  to  this  point. 

US  Joint  space  doctrine  spells  out  four  primary  space  mission 
areas:  space  force  application,  space  support,  space  control,  and 
space  force  enhancement.69  Space  force  application  consists  of 
attacks  against  terrestrial  targets  by  systems  operating  from  or 
through  space.  Space  support  is  the  mission  area  that  involves 
cradle-to-grave  support  of  on-orbit  assets.  Space  control  ensures 
friendly  use  of  space  while  denying  it  to  adversaries  and  includes 
both  offensive  and  defensive  measures.  Space  force 
enhancement  multiplies  joint  force  effectiveness  through 
heightened  battlespace  awareness.  It  includes  the  functions  of 
ISR,  tactical  warning  and  attack  assessment,  environmental 
monitoring,  comm,  and  precision  navigation  and  timing.  This 
section  of  the  study  will  attempt  to  find  niches  in  these  mission 
areas  for  which  tactical  satellites  are  suited. 

Space  force  application  is  not  affected  by  the  preceding 
discussion  of  orbital  optimization,  as  no  orbiting  weapons  are 
currently  foreseen  for  the  tactical  satellite  program.  The  mass  of 
weapons  such  as  lasers  that  could  have  an  effect  on  the  planet’s 
surface  would  be  much  greater  than  the  1000  lb.  tactical  satellite 
reference  mass.  Conventional  intercontinental  ballistic  missiles 
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could  possibly  provide  force  application  effects  within  the 
weight  range  of  the  tactical  satellite  booster,  but  they  are  not 
satellites  and  will  not  be  discussed  in  this  paper. 

Likewise,  space  support  is  not  a  mission  that  has  been  discussed 
in  the  literature  as  a  mission  for  tactical  satellites.  Space  support 
from  such  things  as  launch  facilities,  operations  centers,  and  the 
space  command  and  control  network  will  be  required  for 
constellations  of  tactical  satellites,  but  it  will  not  provide  a 
tactical  effect  to  warriors  on  the  ground.  Tactical  satellites  will 
require  space  support,  but  will  not  provide  it.  Note  that  the  cost 
of  any  of  this  required  space  support  is  not  included  in  the  cost 
calculations,  as  it  is  at  the  present  a  relative  unknown  compared 
to  the  postulated  $20  million  per  booster  and  satellite  quoted  by 
tactical  satellite  proponents. 

Space  control  certainly  seems  to  be  within  the  purview  of  the 
reference  energy  (orbit/mass  combination)  of  the  tactical  satellite 
program.  Being  able  to  responsively  launch  a  satellite  with  the 
capability  to  maneuver  in  close  proximity  to  other  satellites  like 
the  XSS-11  or  Chinese  anti-satellite  weapons,  for  example, 
would  be  a  boon  to  those  tasked  with  exercising  both  lethal  and 
non-lethal  shutter  control  on  the  space  capabilities  of  hostile 
nations.70  However,  such  control  is  unquestionably  a  strategic 
mission  with  immense  political  ramifications  and  global  effects. 
Employing  it  may  provide  advantage  to  tactical  warfighters  on 
the  ground — many  strategic  actions  do — but  the  advantage  will 
be  secondary  and  indirect.  Thus,  space  control  from  a  responsive 
launch  platform  will  not  be  discussed  further  since  we  are 
concerned  with  providing  tactical  effects  on  the  ground. 

After  examining  and  eliminating  the  first  three  space  missions 
from  consideration,  the  only  remaining  space  mission  for  which 
tactical  satellites  appear  most  useful  is  space  force  enhancement, 
the  traditional  role  of  most  satellites.  In  fact,  this  mission  appears 
to  be  the  only  one  discussed  to  any  degree  in  the  literature 
dealing  with  tactical  satellites.  We  will  examine  each  of  the  five 
sub-elements  of  space  force  enhancement  individually  below, 
using  the  circular  LEO  and  magic  orbits  discussed  previously  as 
the  baseline  points  of  reference. 

The  tactical  warning  and  attack  assessment  mission  deals  with 
providing  timely  notification  of  enemy  use  of  ballistic  missiles 
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and  nuclear  detonations  to  national  command  authorities  through 
operational  command  centers  such  as  NORAD’s  Cheyenne 
Mountain  Operations  Center.  This  mission  is  currently 
performed  from  GEO  by  platforms  such  as  the  DSP  satellites.71 
Such  a  mission  would  certainly  be  impossible  from  LEO  without 
a  constellation  of  hundreds  of  satellites,  as  it  would  require 
continual  monitoring  of  the  entire  globe.  While  tactical  satellites 
in  magic  orbits  could  conceivably  perform  the  mission,  it  would 
still  take  between  12  and  20  of  them  to  provide  continual  global 
coverage,  at  an  acquisition  cost  of  at  least  $240-$400  million  per 
year,  a  cost  comparable  to  a  single  DSP  bird  which  is  designed 
to  last  much  longer.  The  mission  is  also  undeniably  primarily  a 
strategic  one. 

The  environmental  monitoring  mission  provides  data  on  space 
and  terrestrial  weather  that  could  affect  military  operations. 
DMSP  platforms  are  one  part  of  the  current  implementation  of 
this  mission  element.72  Tactical  warfighters  rely  heavily  on 
DMSP  information  to  help  plan  their  actions.  These  satellites 
operate  somewhat  higher  than  the  orbital  regime  envisioned  for 
tactical  satellites  at  a  little  less  than  850  km,  but  weigh  almost 
three  times  as  much.  Likewise,  execution  of  the  precision 
navigation  and  timing  space  mission  element  through  the 
Navstar  GPS  gives  warfighters  an  enormous  edge  on  the 
battlefield.  GPS  birds  orbit  much  higher  at  about  11,000  km, 
making  an  orbit  about  every  12  hours.73  Both  systems  are 
unarguably  strategic,  though,  and  replacement  would  not  be  the 
job  of  a  small  number  of  tactical  assets.  Additionally,  were  the 
DMSP  or  GPS  constellations  knocked  out  of  service  by  some 
hostile  act,  it  is  difficult  to  imagine  a  situation  where 
constellations  replenished  by  responsively-launched  assets 
would  be  any  less  vulnerable  to  whatever  brought  the  original 
systems  down. 

In  contrast  to  the  three  sub-elements  just  discussed,  the  ISR  and 
comm  mission  sub-elements  do  appear  to  have  a  need  for  tactical 
enhancement.  Unfortunately,  the  cost/performance  constraints  of 
any  responsive-launch  boosters  envisioned  in  the  foreseeable 
future  make  tactical  satellites  poorly  suited  to  be  the  source  of 
that  enhancement.  These  constraints  will  be  discussed  first  in 
relation  to  circular  LEO  and  then  magic  orbits. 
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The  primary  limitation  to  all  tactical  satellite  applications  from 
LEO  are  the  very  rapid  passes  of  a  relatively  small  FOR.  LEO 
satellites  do  not  and  cannot  provide  persistence,  an  effect  of 
paramount  importance  to  warriors  on  the  ground.  This  limitation 
applies  in  varying  degrees  depending  upon  the  FOR,  but  is  a 
severe  constraint  even  for  the  best-case  horizon  FOR.  To  counter 
this  critical  deficit,  the  goal  orbit  for  the  tactical  satellite  program 
should  be  changed  from  100  NM  to  at  least  500  km.  As 
previously  shown  in  the  discussion  of  Figure  23  (p.  44),  such  an 
increase  in  altitude  will  cost  at  least  five  percent  in  the  amount  of 
mass  that  can  be  carried  by  the  tactical  satellite  goal  booster. 
However,  the  benefits  of  raising  the  altitude  would  seem  to  make 
such  a  trade  worthwhile.  First,  it  would  make  it  much  easier  to 
keep  the  satellite  in  orbit  for  the  full  year  goal  lifespan  of  the 
satellite  by  significantly  reducing  the  fuel  it  must  carry  to 
overcome  the  much  smaller  drag  force  at  that  altitude.  It  will  also 
slow  down  the  satellite  and  increase  all  of  the  FORs.  Comparing 
Figures  9  and  10  (pp.  22-23)  as  well  as  Figures  14  and  15  (pp. 
28-29),  it  is  easy  to  see  that  these  factors  combine  to 
approximately  double  or  more  the  average  contact  time  per  day 
and  drop  the  cost  per  hour  overhead  by  at  least  a  factor  of  two  to 
three.  Thus,  the  orbital  mechanics  portion  of  the  mission 
constraints  benefit  greatly  from  the  sacrifice  of  available  mass. 
We  must  now  examine  how  such  an  altitude  boost  affects 
payload  performance. 

While  extending  the  lifetime,  increasing  the  contact  time,  and 
reducing  the  cost  per  hour  overhead,  raising  the  altitude  has  a 
negative  impact  on  signal  strength.  Using  the  basic  1/r2  law  for 
the  attenuation  of  an  electromagnetic  signal  discussed  above, 
moving  a  satellite  from  a  100  NM  orbit  to  a  500  km  orbit 
decreases  the  signal  strength  by  a  factor  of  7.2  for  signals  at 
nadir  but  only  by  a  factor  of  3.6  for  signals  at  the  edge  of  a 
comm/BFT  FOR  and  2.8  for  signals  coming  from  the  horizon 
(SIGINT  missions). 

Large  antennae  for  reception  of  radio  signals  can  be 
manufactured  relatively  easily  and  they  are  a  relatively  low-mass 
portion  of  the  payload.  To  double  the  signal-collecting  ability  of 
an  antenna,  it  is  only  necessary  to  double  the  antenna  area,  so 
compensating  for  the  decreased  passive  signal  strengths  quoted 
above  requires  increasing  the  radius  of  these  antennae  by  a  factor 
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of  between  about  1.5  and  3,  while  the  active  antenna  radii  would 
have  to  be  enlarged  by  factors  of  about  five  to  seven.74  The 
actual  antenna  sizes  depend  upon  the  required  received  signal 
strength,  which  is  highly  variable. 

Optical  apertures  have  to  be  similarly  increased  in  size  when 
satellite  altitude  is  raised.  In  order  to  achieve  a  diffraction- 
limited  1 -meter  optical  image  across  the  entire  45  degrees  off- 
nadir  FOR  from  100  NM  requires  a  0.13m  (5.1  inch)  diameter 
mirror  while  the  same  resolution  from  500  km  requires  a  0.36m 
(14.2  inch)  mirror.  For  infrared  images,  the  mirror  sizes  are 
0.32m  (12.7  inches)  and  0.9m  (35  inches)  for  the  two  altitudes.75 
Thus,  unless  the  payload  mass  is  extremely  critical,  it  is 
recommended  that  the  tactical  satellite  goal  orbit  for  passive 
missions  be  raised  to  500  km;  the  analyses  in  the  remainder  of 
this  paper  will  assume  that  this  more  favorable  case  exists. 

That  said,  it  remains  for  us  to  determine  whether  the  effects 
provided  by  satellites  in  these  LEO  orbits  are  valuable  to  a 
tactical  warfighter.  The  primary  factors  involved  are,  in 
decreasing  order  of  importance  to  tactical  warriors,  coverage 
opportunities,  coverage  time,  and  cost.  To  be  truly  useful  to  a 
tactical  warfighter,  effects  have  to  be  felt  inside  of  the  decision 
cycle  of  the  enemy.  Information  must  be  provided  rapidly 
enough  that  it  can  influence  the  next  friendly  move  before  the 
enemy  has  time  to  readjust.76  Even  after  boosting  the  altitude  to 
500  km  over  the  mid-latitude  target  city  of  Baghdad,  there  are  on 
average  less  than  10  seven- minute  passes  per  day  for  the  best- 
case  horizon  FOR  S1GINT  mission  to  less  than  5  two-minute 
passes  per  day  for  the  more  restrictive  imagery  mission  using  a 
45-degree-off-nadir  FOR.  The  acquisitions  cost  of  the  coverage 
provided  by  such  satellites  is  between  $40K  (SIGINT)  and 
$43  OK  (imagery)  per  hour,  ignoring  the  expense  of  all  ground 
operations  required  to  control,  communicate  with,  and  exploit 
the  data  provided  by  the  satellite. 

As  discussed  above,  to  get  24/7  persistence  from  a  SIGINT 
mission  at  500  km,  it  would  take  a  constellation  of  about  80 
satellites.  It  is  quite  evident  that  even  at  the  relatively 
inexpensive  projected  cost  of  the  tactical  satellite  program,  $20 
million  each,  and  their  projected  lifetimes,  six  months  to  one 
year,  these  numbers  make  persistent  tactical  satellite  presence 
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unaffordable.  The  acquisition  cost  of  such  a  system  would  be  at 
least  $1.6  billion  each  year.  It  is  for  just  such  reasons  that  tactical 
satellite  proponents  instead  propose  very  limited  constellations, 
usually  of  five  or  fewer  satellites,77  to  provide  what  they  call 
“tailored  persistence.”  Such  persistence  is  obviously 
stroboscopic  at  best,  providing  a  periodic  flash  of  utility  with 
large  gaps  of  blindness  in  between.  For  only  $100M  per  year 
acquisition  costs,  such  a  constellation  could  provide  about  50 
eight-minute  SIGINT  or  about  20  two-minute  imagery  passes 
each  day  (see  Tables  1  and  2,  pp.  4-5).  On  average,  these  passes 
would  be  followed  by  a  half  hour  (SIGINT)  or  one  hour 
(imagery)  gap  where  no  effects  would  be  provided.  The 
intermediate  case,  that  of  comm/BFT,  would  yield  useable 
effects  40  times  per  day  for  six  minutes  per  occurrence  with  a 
little  over  a  half  hour  between  passes.  The  costs  per  hour  would 
remain  the  same  as  the  single  satellite  case,  as  both  the  total 
coverage  time  and  total  cost  increase  linearly  with  the  number  of 
satellites  in  the  constellation.  In  other  words,  one  could  get  twice 
the  coverage  from  a  two-ball  constellation  than  from  a  single 
satellite,  but  it  would  cost  twice  as  much  to  buy  it  so  the  price  for 
an  hour  of  coverage  would  not  change. 

It  must  be  noted  again  that  in  general  the  pass  times  for  these 
satellites  will  be  pseudorandomly  distributed,  with  no  apparent 
regular,  set  schedule  between  passes.  Some  will  occur  quite 
close  together  in  time,  while  at  other  times  there  will  be 
substantial  gaps.  This  aspect  of  the  timing  of  the  passes  will  be 
detrimental  to  friendly  mission  accomplishment,  as  regular, 
predictable  information  would  be  much  more  relevant  to  a 
tactical  commander.  While  seeming  pseudorandomly  distributed 
to  a  casual  observer,  the  pass  times  can  be  very  accurately 
predicted  with  commercially  available  software  and  data  freely 
available  on  the  Internet.  While  unsophisticated  foes  are  unlikely 
to  possess  the  wherewithal  or  central  control  necessary  to 
effectively  exploit  such  information,  a  moderately  sophisticated 
enemy  could  devise  simple  counter  surveillance  strategies  to 
defeat  small  numbers  of  such  satellites,  strategies  such  as  comm 
security  measures  that  ensure  no  useful  transmissions  are  made 
during  times  when  a  SIGINT  bird  was  overhead  or  by  ensuring 
that  equipment  and  personnel  are  under  cover  when  imagery 
satellites  are  in  position. 
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On  the  other  hand,  even  the  relatively  sparse  constellation  of  five 
satellites  discussed  above  would  make  such  enemy  comm  and 
movement  blackouts  extremely  difficult  to  employ  for  their 
strategic  operations,  operations  where  the  timescale  is  long 
compared  to  the  revisit  rate.  In  most  foreseeable  situations  it 
would  appear  to  be  counterproductive  to  stop  large-scale 
operations  this  frequently.  Conversely,  for  tactical  engagements 
where  the  timescale  is  measured  in  minutes  or  seconds,  much 
shorter  than  the  satellite  revisit  rate,  the  overhead  information 
will  likely  be  too  late  and  too  sporadic  to  be  of  much  use  to 
friendly  forces.  “Tactical”  satellites  thus  employed  in  LEO  for 
SIGINT  and  imagery  applications  appear  to  be  much  more 
useful  for  strategic  missions. The  budgetary  numbers  associated 
with  tactical  satellites  greatly  exceed  the  costs  of  putting  existing 
manned  and  unmanned  aircraft  or  proposed  lighter  than  air  near¬ 
space  assets  over  the  battlefield.  The  persistence  these  non¬ 
orbital  platforms  provide  could  be  truly  tailored  to  the  pace  of 
the  battle  instead  of  giving  pseudorandomly  timed  stroboscopic 
flashes  of  insight. 

The  above  discussions  deal  with  the  SIGINT  and  imagery 
missions,  where  even  the  sparse  information  provided  by  a  small 
constellation  could  be  of  some  use.  On  the  other  hand,  sparse 
constellations  of  satellites  in  LEO  have  no  chance  of  providing  a 
useful  comm  capability.  During  an  engagement,  comm  are 
needed  when  the  warrior  needs  them,  not  when  they  are 
available.  The  tail  can’t  wag  the  dog.  Sporadic,  pseudorandomly- 
timed  comm  capabilities  will  not  support  a  tactical  mission.  The 
small  duty  cycles  (having  an  asset  overhead  for  less  than  28 
percent  of  the  time  for  the  favorable  situation  of  a  5-ball  SIGINT 
constellation  at  500  km)  prevent  effective  tactical  use  of  sensors 
in  LEO.  Tactical  commanders  need  the  information  available  to 
them  when  they  need  it,  not  when  the  sensor  is  available  to  give 
it  to  them.  They  don’t  have  the  luxury  of  time  to  acquire  and 
correlate  multiple  passes  over  the  multiple  days  and  weeks 
available  to  the  strategic  planner.  The  large  gaps  inherent  in 
sparse  LEO  constellations,  regardless  of  how  good  the  sensors 
are,  negate  most  of  the  tactical  applications  of  these  satellites. 
Even  when  the  odd,  opportunistic  snippet  of  SIGINT 
information  can  be  applied  to  a  tactical  operation,  it  is  just  as 
likely  that  another  snippet  from  another  theater  would  be  just  as 
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useful.  Having  effects  across  multiple  theaters  is  one  of  the 
hallmarks  of  orbital  assets,  and  one  that  tends  to  make  those 
assets  strategic  ones. 

The  reason  tactical  satellite  proponents  have  devised  the  magic 
orbit  is  apparently  to  counter  the  LEO  coverage  problem  just 
discussed.  The  relatively  long  hang  times  over  large  portions  of 
the  target’s  hemisphere  mean  that  five  or  six  satellites  could 
conceivably  provide  the  24/7  persistence  that  is  unaffordable 
from  LEO.  This  solution  attacks  only  one  of  the  two  constraints 
on  getting  tactical  effects  from  space,  the  orbital  mechanics 
constraint.  By  moving  further  away  from  the  earth  in  an  attempt 
to  slow  down  the  satellite  passes,  this  solution  compounds  the 
other  constraint,  the  constraint  on  the  payloads’  ability  to 
perform  the  mission. 

It  was  previously  recommended  that  the  tactical  satellite  goal 
altitude  be  raised  from  100  NM  to  500  km  in  an  attempt  to 
similarly  increase  the  contact  time  while  keeping  the  negative 
effect  on  the  payload  to  an  acceptable  level  (an  attempt  that 
ultimately  proved  to  be  of  little  value,  as  the  revisit  rate  for 
satellites  even  in  higher  LEO  was  still  grossly  mismatched  to  the 
timescale  of  tactical  events).  Even  using  the  higher  500  km  orbit 
as  the  baseline,  the  average  magic  distance  from  the  target  is  17 
times  further  than  the  LEO  orbit.  As  an  example  of  a  specific 
effect  on  payload  performance  such  an  increase  in  range  will 
have,  to  get  a  one-meter  optical  image  of  Baghdad  from  the 
average  magic  distance  of  8,500  km,  it  would  take  a  5.1  meter 
optical  aperture  (the  size  of  the  large  telescope  mirror  at  Mount 
Palomar  Observatory  in  California)  instead  of  the  0.36  meters 
required  from  500  km  (see  note  27).  For  this  reason,  it  would 
seem  impractical  to  use  the  magic  orbit  for  conventional  imagery 
applications. 

Similarly,  a  comm  or  SIGINT  antenna  in  a  magic  orbit  would 
have  to  increase  in  size  to  be  as  sensitive  to  signals  as  its  LEO 
counterpart.  SATCOM  on  the  move  is  a  highly  desired  capability 
in  the  field.78  Many  people  are  familiar  with  satellite  phones  with 
their  simple  whip  antennae  that  are  easy  to  use.  These  phones  are 
generally  run  through  the  66-satellite  Iridium  system  orbiting  in 
LEO  at  about  780  km.  Iridium  satellites  use  a  set  of  three  1.6 
square-meter  (nr)  antennae  for  reception.79  Having  the  satellites 
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so  close  to  the  earth  in  LEO  is  the  reason  that  the  phones  can 
employ  antennae  that  don’t  require  precise  pointing  at  and 
tracking  of  the  rapidly-moving  satellites.  At  their  average 
distance  above  the  horizon,  magic  orbits  are  1 1  times  further 
than  even  the  Iridium  constellation.  The  signal  reaching  them 
from  the  ground  would  thus  be  at  least  120  times  weaker.  Since 
weight  is  a  huge  factor  in  getting  to  these  higher  orbits, 
increasing  the  size  of  the  antennae  on  tactical  satellites  to  about 
the  required  200  nr  to  get  similar  performance  to  Iridium  does 
not  seem  feasible.  Of  course  it  is  possible  for  an  engineer  to 
come  up  with  the  appropriate  matching  of  desired  signal  strength 
on  the  ground,  satellite  transmission  power,  and  satellite  antenna 
aperture;  the  difficult  part  is  to  do  that  within  the  mass  budget  of 
the  available  booster.  Without  significantly  larger  antennae  on 
the  satellite,  the  ability  to  use  whip  antennae  on  the  ground 
becomes  problematic  and  would  most  likely  require  the  use  of 
the  familiar  small  dishes  to  increase  signal  strength. 

However,  the  use  of  a  high-gain  dish  antenna  is  even  more 
difficult  for  communicating  with  satellites  in  magic  orbits  than 
today’s  less-than-optimal  situation.  As  discussed  previously,  it  is 
currently  difficult  and  therefore  operationally  prohibitive  for 
troops  on  the  move  to  stop,  set  up  a  dish  antenna,  and  point  it 
toward  the  stationary  comm  satellites  that  currently  exist.  This 
difficulty  is  significantly  compounded  when  a  moving  satellite  in 
a  magic  orbit  has  to  be  found  and  tracked  in  the  middle  of  a 
tactical  engagement.  In  contrast  to  the  soldier  on  the  ground  who 
needs  to  manually  point  his  antenna,  many  UAVs  are  already 
controlled  through  satellite  links.  It  seems  feasible  for  these  links 
to  be  through  satellites  in  magic  orbits.  However,  as  we  will  see, 
the  severe  environment  inherent  in  this  orbital  regime  will  likely 
be  the  ultimate  arbiter  of  success  for  any  magic  orbit  solution. 

The  requirement  for  satellites  in  magic  orbits  to  regularly 
traverse  the  inner  Van  Allen  belt  will  require  some  mitigating 
engineering  design  to  ensure  the  one-year  goal  lifetime  can  be 
met.  This  mitigation  can  come  in  one  of  two  ways:  by  using 
radiation-hardened,  space-qualified  components  or  by  adding 
additional  shielding  to  protect  the  cheaper  COTS  electronics. 
The  first  method  will  almost  certainly  cause  the  budgetary  goals 
of  the  program  to  be  exceeded.  The  second  method  will  add 
significant  weight  to  the  system.  Neither  solution  is  palatable, 
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especially  when  we  are  reminded  that  a  booster  that  can  put  1 000 
lbs.  into  a  100  NM  LEO  orbit  can  only  place  a  substantially 
reduced  mass  of  500  lbs.  into  the  higher  magic  orbit. 

It  is  a  physical  fact  that  the  constraints  imposed  by  orbital 
mechanics  and  those  imposed  by  sensor  limitations  work 
contrary  to  each  other.  Attempt  to  get  around  one  set  of 
constraints  and  the  limitations  imposed  by  the  other  constraint 
become  more  dominant.  Choosing  an  orbit  that  slows  down  the 
satellite  pass  to  improve  persistence  ends  up  requiring  huge 
increases  in  payload  physical  size  (and  a  commensurate  increase 
in  payload  mass)  in  order  to  maintain  the  standard  of 
performance.  Unfortunately,  without  an  increase  in  booster  size 
and  cost,  the  ability  to  simultaneously  raise  the  altitude  and 
increase  the  payload  mass  is  not  possible.  Thus,  for  satellites  in 
other  than  very  low  altitude  circular  orbits,  the  cost  rapidly 
escalates  and  the  standard  problem  for  space  returns:  the  prices 
are  so  high  that  the  assets  become  strategic  and  tactical 
commanders  cannot  afford  to  own  and  operate  the  assets  they 
need.  It’s  an  interesting  Catch-22:  put  the  satellite  low  enough 
that  it’s  affordable  and  it’s  only  marginally  useful  due  to  limited 
pass  times,  but  put  it  high  enough  to  be  useful  and  it’s  no  longer 
affordable. 

Several  critical  portions  of  the  space  support  required  for  a  real 
satellite  system  have  been  neglected  in  this  study.  The  strain  on 
an  already  overtaxed  space  control  network  that  constellations  of 
custom-launched  small  satellites  would  impose  has  not  been 
discussed.  Nor  has  any  method  for  distributing  the  data  collected 
by  these  satellites  been  detailed.  The  true  value  of  a  tactical 
reconnaissance  program  is  heavily  dependent  upon  actually 
using  whatever  data  is  collected.  Presumably  this  statement 
would  be  true  for  a  tactical  satellite  program  as  well.  Such 
considerations  would  likely  lead  to  bandwidth,  mobile  ground 
station,  data  correlation,  data  fusion,  and  analysis  requirements. 
None  of  these  problems  will  have  cheap,  easy  solutions. 

Finally,  it  must  be  reemphasized  that  this  paper  has  consistently 
used  very  favorable  assumptions  with  respect  to  FORs  and 
sensor  performance.  For  example,  even  the  very  expensive, 
specifically  designed  commercial  imagery  satellites  do  not 
normally  take  pictures  much  further  than  30  degrees  off-nadir; 
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45  degrees  were  allowed  for.  Weather  and  darkness  were 
ignored.  Time-optimized  orbits  were  used  which  give  the 
absolute  best  coverage  and  cost  numbers  possible.  The 
assumptions  of  achieving  perfectly  executed  programmatics  and 
perfect  system  performance  while  meeting  all  cost  goals  are 
almost  certainly  overly  optimistic.  Even  with  these  favorable 
assumptions,  this  paper  has  demonstrated  that  the  ability  of 
tactical  satellites  to  deliver  tactical  effects  is  severely  limited. 
Less  optimistic  (and  more  realistic)  assumptions  would  certainly 
tip  the  balance  further  against  the  utility  and  suitability  of  tactical 
satellites  for  tactical  applications. 

As  shown,  there  are  severe  physical  constraints  on  satellites  in 
circular  LEO  orbits  and  elliptical  magic  orbits  that  conflict  with 
tactical  mission  requirements.  It  seems  highly  impractical  if  not 
impossible  to  perform  tactically  useful  imagery,  comm,  SIGINT, 
and  BFT  missions  within  these  constraints,  especially  if  cost 
remains  a  consideration.  Even  tactical  satellite  proponents 
recognize  the  scale  of  the  challenge  when  they  write,  “Given 
vast  improvements  in  launch  and  spacecraft  development  costs 
and  operations  timelines,  there  is  no  foreseeable  reason  why 
theater  ground  units  could  not  ‘own’  and  control  their  own 
dedicated  space  constellations  devoted  to  their  specialized  real¬ 
time  tactical  needs.”80  While  on  its  face  a  true  statement,  the 
meaning  of  the  word  “vast”  in  this  context  may  be 
underemphasized.  As  stated  in  the  Scitor  study  referenced 
previously: 

Three  ‘Big  Space’  assets  would  do  the  job  of  80 
small  satellites  for  a  lot  longer  period  of  time. 

The  sticker  shock  of  the  large  assets  would 
quickly  be  lost  over  the  cost  of  numerous  small 
satellites  and  the  amount  of  maintenance 
required  to  keep  them  in  orbit.81 
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Section  5 


Common  Arguments  Prove  the  Point 


A  great  amount  of  feedback  on  this  study  has  already  indicated 
that  it  seriously  threatens  a  number  of  commonly  held  beliefs 
about  tactical  satellites  and  a  number  of  ongoing  funded 
programs.  More  of  this  is  expected.  However,  a  program  should 
only  have  life  when  it  contributes  to  the  overall  good.  In  the  case 
of  Air  Force  programs,  the  overall  good  means  that  a  program 
contributes  to  helping  prevent  conflict,  or  should  that  goal  fail, 
contributes  to  prosecuting  a  successful  war  as  quickly  and 
decisively  as  possible.  As  has  been  shown,  unless  constellations 
of  hundreds  of  satellites  are  launched  each  year  the  tactical 
satellite  program  will  likely  not  be  able  to  provide  its  advertised 
tactical  effects  to  the  warfighter.  It  can,  however,  provide  a 
limited  number  of  strategic  effects,  some  of  which  are  currently 
performed  by  other  systems.  Whether  a  transformed  “tactical” 
satellite  program  can  do  the  functions  of  current  systems  more 
effectively  is  not  within  the  scope  of  this  study.  The  study 
merely  points  out  that  there  may  be  ways  to  redirect  the  program 
toward  more  fruitful  goals. 

Is  this  study  perfect  and  complete?  Of  course  not.  It  is,  however, 
as  thorough  a  look  at  the  whole  story  of  the  tactical  satellite 
program  as  the  author  has  seen  in  print.  In  an  attempt  to  head  off 
basic  arguments  against  the  conclusions  of  this  study,  several 
points  that  critics  may  bring  have  been  anticipated  and  addressed 
here. 

The  first  counterargument  deals  with  FORs.  Critics  will  correctly 
point  out  that  the  models  used  to  calculate  the  average  daily 
contact  time  for  the  satellites  are  based  on  single  points  on  the 
ground,  while  even  tactical  engagements  have  some  finite  areas 
with  which  they  are  associated.  This  assertion  is  true,  and 
accounting  for  city-sized  or  region-sized  areas  will  increase  the 
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contact  time  over  the  numbers  shown,  lowering  the  gap  time  and 
cost  per  hour  figures  quoted  above.  The  question  that  remains  is 
how  significant  is  this  increase  in  performance?  To  get  a  ballpark 
estimate,  let  us  look  at  the  difference  between  the  30-  and  45- 
degree-off-azimuth  fields  of  view  from  Figures  3  and  4  (pp.  11- 
12).  The  additional  area  covered  by  the  45-degree-off-nadir  FOR 
is  a  significant  increase,  with  swath  widths  being  150  to  250  km 
larger  and  FOR  areas  being  75,000  to  600,000  square  kilometers 
larger  (100  NM  and  500  km  orbits).  These  sizes  of  these 
increases  are  much  larger  than  a  city  and  they  greatly  exceed  the 
20  km  x  20  km  spatial  limits  normally  associated  with  the  word 
“tactical.”82  The  difference  between  the  performance  numbers 
shown  for  these  two  FORs  throughout  this  study  could  thus  be 
indicative  of  the  difference  between  calculations  for  a  point  and 
for  a  tactical  area.  Of  course,  as  discussed  in  note  28,  the  45- 
degree-off-nadir  FOR  is  significantly  larger  than  what  most 
commercial  imagery  providers  advertise  for  their  for-profit 
ventures.  Overstating  the  FOR  capability  of  the  sensors  used  in 
this  study  has  more  than  made  up  for  the  “single  spot  on  the 
ground”  argument. 

A  second  argument  that  could  reasonably  be  made  against  this 
paper  is  that  the  satellites  can  be  targeted  against  multiple 
locations  on  the  ground,  not  just  the  selected  target  for  which  the 
data  was  presented.  Again,  this  argument  is  true.  The  satellite 
does  not  park  itself  over  a  specific  city.  Except  for  special  case 
orbits  that  do  not  maximize  coverage,  a  satellite  eventually  will 
pass  directly  over  every  spot  on  the  globe  between  the  northern 
and  southern  latitude  limits  equal  to  its  orbital  inclination.  It  is 
free  to  perform  its  mission  at  any  time  along  its  ground  track. 
This  argument  actually  highlights  a  point  obliquely  hit  earlier  in 
the  paper  when  Figure  22  (p.  40)  and  Table  3  (p.  41)  were 
discussed.  The  biggest  problem  with  satellites  in  LEO  was 
shown  to  be  the  limited  amount  of  time  they  spent  over  the 
selected  target.  To  come  up  with  even  these  meager  contact  time 
numbers,  the  orbit  was  optimized,  matching  inclination  and 
target  to  give  the  best  coverage  possible.  While  it  is  true  that 
locations  at  latitudes  other  than  the  optimal  can  also  be  targeted, 
the  efficiency  with  which  the  satellite  passes  over  these  other 
targets  is  by  definition  less  than  optimal.  Also,  for  a  truly 
tactically-owned  and  tasked  asset,  and  given  the  notion  that  the 
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satellite  would  be  launched  to  very  narrowly  described  target 
areas  and  sensor  configurations,  all  collections  outside  the 
tactical  commander’s  area  of  responsibility  should  be  considered 
opportunistic  and  would  in  no  way  improve  the  satellite’s 
performance  over  the  intended  target. 

From  Figure  22,  it  is  apparent  that  there  is  a  narrow  band  of 
orbital  inclinations  around  the  optimal  inclination  for  which  the 
satellite  spends  an  appreciable  amount  of  time  over  the 
designated  target.  The  width  of  the  band  is  related  to  the  width  of 
the  FOR;  narrow  FORs  have  narrow  bands  of  inclination  for 
which  they  are  effective.  The  corollary  is  also  true:  once  the 
inclination  has  been  set  by  an  actual  launch,  the  satellite  provides 
its  most  effective  coverage  at  the  optimal  latitude  and  provides 
less  and  less  coverage  at  latitudes  further  from  the  designated 
target.  As  has  been  shown,  even  optimized  contact  times  over  the 
designated  target  are  very  short  and  the  passes  do  not  occur  with 
a  tactically  useful  frequency,  the  main  reasons  for  discounting 
use  of  LEO  to  obtain  tactical  effects.  For  targets  at  non- 
optimized  latitudes,  these  passes  would  occur  even  less 
frequently. 

However,  the  fact  still  remains  that  coverage  at  locations  other 
than  the  target  is  possible.  Satellites  still  do  provide  the  potential 
for  near-global  access,  ft  is  possible  and  even  likely  that  such  a 
tactical  satellite  would  be  used  at  locations  other  than  the 
primary  target  of  interest  (availability  of  power  for  multiple 
sensor  repositionings  and  multiple  taskings  from  a  necessarily 
small  bus  and  power  supply  system  on  a  small  satellite 
notwithstanding).  All  of  these  arguments  against  the  calculations 
herein  could  be  true  and  if  so,  they  significantly  decrease  the  cost 
per  hour  overhead  of  the  satellite.  However,  once  accepted  as 
true,  they  also  prove  the  assertion  that  the  “tactical”  satellite  is 
indeed  a  strategic  asset  instead  of  a  tactical  one;  it  exerts 
influence  and  provides  effects  across  multiple  theaters  of 
operation  and  is  thus  an  asset  that  would  not  be  owned  by  a 
single  tactical  commander. 

An  argument  can  be  made  that  the  method  of  optimizing  satellite 
orbits  used  above  is  very  mechanical  and  shows  no 
understanding  of  how  satellites  are  actually  employed.  From  the 
very  beginning  of  their  training,  physicists  are  taught  to  break 
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problems  down  to  their  simplest,  most  basic  parts.  They  then 
analyze  those  parts  to  discover  fundamental  limitations  of  the 
subsystem.  Once  the  fundamental  limitations  are  understood,  the 
full  system  is  reconstructed  and  the  applicability  of  the 
subsystem  limitations  to  the  full  system  is  determined.  This 
analysis  technique  has  been  quite  properly  used  in  this  paper, 
postulating  that  the  most  general  orbit  optimization  technique  to 
get  tactical  effects  for  the  warfighter  is  to  discover  the  absolute 
maximum  time  the  asset  could  be  overhead  for  any  combination 
of  altitude  and  orbital  inclination.  Once  these  best-case  numbers 
are  known,  it  is  a  relatively  easy  step  to  apply  them  to  the 
frequently  non-optimal  orbits  that  are  used  in  actual  operations. 
Operational  orbits  were  not  chosen  for  use  in  the  bulk  of  this 
paper  for  two  reasons.  First,  there  are  a  myriad  of  mission-driven 
orbits  from  which  to  choose,  too  many  to  be  adequately 
examined  within  a  relatively  general  paper  such  as  this.  Second, 
the  goal  was  to  show  that  even  when  the  absolute  best  case  orbit 
was  chosen,  the  program  still  could  not  deliver  tactically  relevant 
effects. 

As  a  specific  example  of  how  much  worse  the  coverage  could  be 
using  actual  orbits,  we  can  look  at  a  highly  capable  commercial 
imagery  satellite,  Quickbird.  Quickbird  flies  at  460  km  in  a  97 
degree  inclination  orbit  to  provide  optimum  lighting  conditions 
for  its  day-only  optical  cameras  that  can  look  up  to  5 1  degrees 
off-nadir.83  Table  4  lists  the  best-case  460  km,  51-degree-off- 
nadir  and  actual  Quickbird  contact  times.  In  keeping  with  the 
goal  to  present  the  tactical  satellite  program  in  the  best  possible 
light,  it  is  quite  apparent  that  the  method  used  in  this  paper 
implies  significantly  better  performance  and  lower  cost  per  hour 
overhead  than  actual  implementations  will  likely  deliver. 
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Table  4.  Comparison  of  average  daily  contact  times  for  the 
actual,  operationally  used  orbit  for  Quickbird  and  the 
contact  time  used  in  this  paper,  a  contact  time  based  on  an 
orbital  inclination  optimized  for  specific  target  latitudes. 
Shaded  cells  show  the  actual  Quickbird  capability  (day  only) 
and  the  capability  cited  in  this  paper  (day/night).  The 
benefit-of-the-doubt  factor  is  the  cited  capability  divided  by 
the  actual  capability,  showing  the  amount  the  analysis  in  this 
paper  attempts  to  slant  in  favor  of  tactical  satellites. 


Orbit 

Inclination 

Contact 
Time  (Day 
Only) 
(Actual 
Quickbird 
capability) 

Contact  Time 
(Day  and 
Night) 
(Optimized 
number  used 
in  the 
analysis  in 
this  paper) 

Benefit  of  the 
Doubt  Factor 
(Factor  by 
which  the 
analysis  in 
this  paper 
exceeds 
actual, 
operational 
capability) 

Bogota 

Actual 

97.25  deg 

1  min  3  sec 

2  min  5  sec 

Bogota 

Optimized 

0  deg 

14  min  44 

sec 

29  min  28 

sec 

14.1  j 

Baghdad 

Actual 

97.25  deg 

1  min  14  sec 

2  min  29  sec 

Baghdad 

Optimized 

36.5  deg 

4  min  46  sec 

9  min  32  sec 

7.7  | 

Oslo  Actual 

97.25  deg 

2  min  9  sec 

4  min  1 7  sec 

■ 

Oslo 

Optimized 

63.5  deg 

5  min  4  sec 

10  min  7  sec 

47 

Another  argument  that  could  be  made  is  that  choosing  to  display 
the  100  NM/1000  lb.  reference  orbit  purposely  sets  up  a  straw 
man  to  be  easily  knocked  down.  This  is  not  the  case.  There  are 
numerous  places  in  the  literature  that  quote  the  reference  orbit 
(see  note  11).  This  orbit  is  the  stated  goal  for  the  DARPA 
FALCON  booster  and  does  not  require  much  less  energy  than 
the  Space-X  Falcon  1  can  deliver.  As  a  common  reference  point 
in  the  tactical/responsive  satellite  community,  100  NM/1000  lb. 
is  a  valid  basis  for  analysis,  and  one  that  has  apparently  been 
briefed  to  senior  Air  Force  leadership.84  In  any  event,  the  details 
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will  vary  smoothly  with  excursions  from  this  reference,  and 
presenting  results  up  to  600  km  has  bracketed  most  of  the  trade 
space  and  the  broad  region  of  validity  for  the  overall  conclusions 
should  be  evident.  Similarly,  the  use  of  other  numbers  such  as 
the  one-year  lifetime  goal,  $20  million  acquisition  cost  goal  for 
booster  and  satellite,  5-ball  constellations,  etc.,  are,  as  noted 
above,  numbers  used  by  tactical  satellite  proponents  to  sell  the 
concept.  They  are  used  merely  to  illustrate  what  is  actually 
possible  when  the  full  tactical  satellite  picture  is  presented  in  one 
place.  Certainly  there  are  a  number  of  other  equally  convincing 
arguments  that  counter  many  of  the  conclusions  of  this  study.  It 
is  envisioned  that  future  revisions  of  this  study  will  adequately 
respond  to  those  arguments. 
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Section  6 


Conclusion  and  Recommendation 


Tactical  satellites  as  currently  defined  by  proponents  aren’t 
tactical.  Just  having  a  tactically  responsive  launch  rate,  if 
achievable,  doesn’t  make  an  asset  tactical.  Just  being  much 
cheaper  than  other  orbital  platforms  does  not  make  an  asset 
tactical.  To  meet  the  program  goals  briefed  by  tactical  satellite 
proponents  to  senior  military  leaders,  a  tactical  asset  must  also 
provide  tactically  relevant  effects  on  the  ground  on  a  timescale 
that  is  less  than  that  of  a  tactical  engagement.  Again,  the  myth  of 
the  tactical  satellite  is  that  they  are  tactical.  Calling  a  dandelion  a 
rose  doesn’t  change  its  smell. 

As  former  Director  of  the  National  Reconnaissance  Office  and 
Undersecretary  of  the  Air  Force  Peter  Teets  has  said: 

Small  sats,  microsats,  have  a  role  to  play,  there’s 
no  doubt  about  it.  We  shouldn’t  be  saying, 

“Let’s  design  small  sats  because  they’re  small.” 

We  should  say,  “Small  sats  have  a  particular 
advantageous  capability  that  serves  some  effect 
that  we  want  to  achieve.”85 

While  this  study  has  discussed  a  number  of  strategic  things  small 
satellites  could  do  that  might  be  advantageous  to  the  nation,  it 
has  been  conclusively  shown  that  these  satellites  cannot  provide 
effects  useful  to  a  tactical  warfighter  at  a  cost  he  can  afford.  To 
frame  the  problem  with  the  thoughts  of  Mr.  Teets,  tactical 
satellites  cannot  serve  the  effect  their  proponents  claim  to  want 
to  achieve. 

All  is  not  gloom  and  doom  for  the  tactical  satellite  program. 
Many  of  its  goals  are  extremely  worthwhile  and  will  definitely 
benefit  the  nation  and  its  defense.  Standardizing  busses  and 
developing  plug-and-play  payloads  will  do  a  great  deal  to  bring 
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the  cost  of  space  effects  down  to  earth.  Being  able  to  launch 
responsively  will  have  a  huge  impact  on  space  control  options 
available  to  the  national  leadership.  Being  able  to  provide  very 
cheap  augmentation  to  expensive,  hard-to-reconfigure  National 
assets  would  be  a  boon  to  strategic  planners.  Being  able  to  cross¬ 
correlate  information  from  GEO  and  LEO  birds  for  short  time 
periods  will  make  many  strategic  analysts  extremely  happy.  It’s 
not  the  program  that  is  bad,  it’s  simply  misnamed.  By  using  the 
word  “tactical,”  proponents  lead  warriors  to  make  unsupportable 
assumptions  about  the  program’s  actual  capabilities.  Their  focus 
needs  to  shift  toward  the  strategic  where  the  effects  they 
advertise  are  possible  to  achieve  and  are  useful. 

In  the  end,  it  is  much  more  appropriate  for  the  mythical 
“tactical”  satellite  to  compete  for  funding  against  other 
strategically-oriented  programs.  When  they  compete  with  and 
win  funding  against  programs  that  actually  do  have  the  potential 
to  serve  warriors  on  the  ground,  they  detract  from  Congress’s 
intended  budgetary  goals.  An  inadvertent  result  of  this 
misapplied  funding  could  very  well  be  unnecessary  warfighter 
deaths  and  diminished  warfighting  capability  when  equipment 
that  could  have  been  available  in  the  future  is  not  there  due  to  the 
opportunity  costs  associated  with  funding  so-called  tactical 
satellites.  Continuing  to  fund  “tactical”  satellites  out  of  budget 
lines  intended  directly  to  serve  the  tactical  warfighter  does  a 
disservice  to  both  the  taxpayer  and  the  warrior  on  the  ground. 

The  wise  are  not  wise  because  they  make  no 
mistakes.  They  are  wise  because  they  correct 
their  mistakes  as  soon  as  they  recognize  them. 

— Orson  Scott  Card86 
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List  of  Acronyms  and  Abbreviations 


ACTD 

Advanced  Concept  Technology 
Demonstration 

AFRL 

Air  Force  Research  Laboratories 

AFSPC 

Air  Force  Space  Command 

BFT 

blue  force  tracking 

C2ISR 

command,  control,  intelligence, 
surveillance,  and  reconnaissance 

COCOM 

combatant  commander 

comm 

communications 

CONUS 

continental  United  States 

COTS 

commercial-off-the-shelf 

DARPA 

Defense  Advanced  Research 
Projects  Agency 

DMSP 

Defense  Meteorological 

Satellite  Program 

DSP 

Defense  Support  Program 

FALCON 

Force  Application  and  Launch 
from  continental  United  States 

FOR 

field  of  regard 

FOV 

field  of  view 

GEO 

geosynchronous  earth  orbit 

GPS 

global  positioning  system 

ISR 

intelligence,  surveillance,  and 
reconnaissance 

JWS 

joint  warfighting  space 

LEHA 

long  endurance,  high  altitude 

LEO 

low  earth  orbit 

LOS 

line  of  sight 

MAJIC 

microsatellite  area-wide  joint 
information  communications 
system 

MORF 

Magic  orbit  radio  frequency 

Mil-Spec 

Military  Specification 

NM 

nautical  mile 

NORAD 

North  American  Aerospace 
Defense  Command 
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ORS 

SATCOM 

SCOPES 

SIGINT 

SMC 

STRATCOM 

TacSat 


TENCAP 

UAV 

VMOC 


operationally  responsive  space 
satellite  communications 
space  common  operating  picture 
exploitation  system 
signals  intelligence 
Space  and  Missile  Systems 
Center 

US  Strategic  Command 
tactical  satellite;  refers  to  the 
specific  series  of  satellite 
experiments  being  developed  by 
AFRL 

tactical  exploitation  of  national 
capabilities 

unmanned  aerial  vehicle 
virtual  mission  operation 
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27  For  the  very  small  angles  typical  for  satellite  imagery 
applications,  the  smallest  feature  size  x  that  can  be  resolved  by  a 
circular  aperture  of  diameter  D  at  a  range  from  the  target  R  using 
an  electromagnetic  wavelength  X  is  approximately  given  by  the 
formula  x  =  1 .22  Ra/D,  showing  the  resolving  power  is  linearly 
related  to  the  range.  Stimson,  George  W.  Introduction  to 
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Airborne  Radar,  2nd  ed.  Mendham,  New  Jersey:  Scitech,  1998, 
eh.  10. 

2s  A  survey  of  commercial  optical  imagery  satellites 
revealed  a  number  capable  of  off-nadir  imaging.  The  following 
table  summarizes  their  capabilities.  Note  that  only  one  of  these 
for-profit  systems  advertises  an  off-nadir  capability  of  much 
more  than  30  degrees,  and  then  only  at  a  substantially  reduced 
resolution.  The  advertised  revisit  times  are  also  substantially 
greater  than  one  day  even  using  the  large  fields  of  regard 
available  at  their  altitudes  of  greater  than  500  km,  supporting  our 
claim  that  the  fields  of  regard  we  are  using  in  our  examples  are 
generous. 


Satellite 

Orbital 

Altitud 

e 

Revisit  Time 
with  maximum 
look  angle 

Off-Nadir 

Capability 

Source(s)  accessed  16  May  2005. 

ARIES 

500  km 

7  days 

30  deg 

http://www.tec.army.mil/tio/  (accessed 
16  May  2005) 

CBERS 

778  km 

3  days 

32  deg 

http://www.tec.army.mil/tio/  (accessed 
16  May  2005) 

EROS  B 

600  km 

3  days 

21  deg 

http://www.crisp.nus.edu.sg/~acrs200 
l/pdf/3 34BARLE.PDF  [page  numbers 
1-6] 

(accessed  16  May  2005) 

IKONOS 

680  km 

1  day  (2  m 
resolution) 

3  days ( 1  m 
resolution) 

52  degree 

(2.1m 

resolution) 

27  degree  ( 1  m 
resolution) 

http://www.tec.army.mil/tio/ 
http://www.spaceimaging.com/produc 
ts/ikonos/index  2.htm  (accessed 

16  May  2005) 

Quickbir 

d 

600  km 

1-4  days 

25-30  deg 

http://www.gim.be/p/316D77DDB520 
8B62C 1256B6D005464F9 
http://www.tec.army.mil/tio/  (accessed 
16  May  2005.) 

SPOT 

832  km 

1-5  days 

27  deg 

http://space.au.af.mil/primer/multispec 
tral_imagery.pdf  [page  numbers  3-4] 
http://www.tec.army.mil/tio/  (accessed 
16  May  2005) 

29  The  earth  is  not  truly  spherical.  The  calculations  below 
take  into  consideration  its  oblateness.  What  is  ignored,  however, 
is  terrain.  Unless  the  observer  is  on  the  top  of  a  hill,  actual 
contact  times  will  be  less  than  shown  due  to  the  terrain  blocking 
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a  clear  view  of  the  satellite  when  it  is  near  the  smooth-earth 
horizon. 

30  All  plots  for  circular  orbits  computed  by  the  author  using 
equations  derived  from  M.W.  Lo,  “The  Long-Term  Forecast  of 
Station  View  Periods,”  Jet  Propulsion  Laboratory 
Tecommunications  and  Data  Acquisition  Progress  Report  di¬ 
ll  8,  April-June  1994  (Pasadena,  CA:  Jet  Propulsion  Laboratory) 
15  August  1995,  1-14, 

http://tmo.jpl.nasa.gov/progress_report/42-l  18/1 18J.pdf 
(accessed  5  April  2006);  and  M.W.  Lo,  “Applications  of  Ergodic 
Theory  to  Coverage  Analysis,”  Paper  number  AAS  03-638, 
Proceedings  of  the  American  Astronautics  Society/American 
Institute  of  Aeronautics  and  Astronautics  Astrodynamics 
Specialist  Conference,  Big  Sky,  MT,  August  2003.  With  the 
exception  of  Baghdad,  the  cities  were  chosen  solely  on  the  basis 
of  their  latitude.  No  political  or  military  implication  is  intended 
to  be  inferred  from  their  inclusion  in  this  paper. 

3 1  If  the  earth  were  not  rotating,  the  plots  would  be  exactly 
symmetrical  about  the  90  degree  inclination  line.  The  higher  the 
satellite’s  altitude  (and  thus  the  closer  the  satellite’s  period  is  to 
the  earth’s  period),  the  more  significant  the  earth’s  movement 
becomes  to  the  problem.  Plots  for  higher  altitudes  thus  are  less 
symmetrical  than  for  lower  ones. 

32  In  most  cases,  the  optimized  orbital  inclination  will  be  at 
or  slightly  larger  than  the  target’s  latitude.  The  only  case  for 
which  it  is  exactly  equal  to  the  target’s  latitude  is  for  the 
theoretical  case  of  a  zero  altitude  orbit.  As  the  satellite  altitude 
increases  above  zero,  the  optimal  inclination  moves  further  away 
from  the  target’s  latitude,  the  magnitude  of  the  shift  being 
directly  related  to  the  size  of  the  FOR.  A  close  examination  of 
the  inclination  versus  altitude  plots  for  Oslo  and  Baghdad  will 
reveal  this  trend  as  altitude  is  decreased.  When  the  plots  actually 
display  the  altitudes  down  to  zero,  the  behavior  is  quite  apparent. 
Since  the  main  point  of  this  study  is  to  discuss  LEO  satellites  and 
not  to  discover  esoteric  orbital  optimization  trends  it  seemed 
more  relevant  to  limit  the  plots  to  a  lower  altitude  of  150  km. 

The  reason  that  the  optimum  inclination  is  generally  larger  than 
the  target  latitude  is  that  the  actual  path  the  target  appears  to 
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trace  through  the  FOR  is  not  a  straight  line  but  instead  is  a  curve 
concave  toward  the  equator.  The  longest  average  path  this  curve 
can  be  occurs  when  the  satellite  inclination  is  a  certain  fraction 
of  a  field-of-regard  radius  greater  than  the  latitude. 

When  the  target  is  near  a  pole  or  the  equator  and  the  FOR  is 
large  (large  enough  to  significantly  overlap  the  pole  or  the 
equator  when  the  orbital  inclination  is  the  near  the  target’s 
latitude),  the  generalization  about  the  optimum  latitude  breaks 
down,  as  can  be  seen  in  the  Bogota  plot.  In  those  cases,  the 
optimum  inclination  is  zero  (for  near-equatorial  targets)  or  90 
degrees  (for  near-polar  targets).  As  altitude  is  decreased  so  that 
the  FOR  shrinks,  the  optimum  latitude  generalization  once  again 
applies. 

33  Of  course,  the  corresponding  latitude  in  the  opposite 
hemisphere  would  receive  exactly  the  same  coverage,  so 
technically  there  are  two  latitudes  that  are  optimized  for  each 
orbit. 

34  This  “truism”  is  actually  only  true  to  certain  altitudes. 
Once  you  get  high  enough  that  you  can  almost  see  an  entire 
hemisphere,  raising  your  altitude  further  only  marginally 
increases  your  contact  time.  Additionally,  the  absolute  maximum 
contact  time  would  be  when  a  geostationary  satellite  is  in  view; 
that  contact  time  would  be  24/7.  Moving  higher  than  GEO 
actually  decreases  the  contact  time.  Since  we  are  dealing  with 
tactical  satellites  in  LEO  for  this  study,  though,  these  limitations 
on  the  truism  don’t  come  into  play. 

35  T.S.  Kelso,  “Basics  of  the  Geostationary  Orbit.”  Satellite 
Times,  May  1998. 

http://celestrak.com/columns/v04n07/  (accessed  July  2005).  In 
fact,  it  is  only  possible  to  actually  see  an  entire  hemisphere  from 
a  point  an  infinite  distance  away.  A  satellite  in  geostationary 
orbit  can  only  see  about  42  percent  of  the  globe  and  cannot  see 
locations  with  latitudes  higher  than  81  degrees. 

36  This  assumption  is  reasonable  for  the  smaller  fields  of 
regard  attainable  from  LEO.  A  more  detailed  analysis  of  the 
actual  curved  path  the  target  would  appear  to  trace  across  the 
FOR,  especially  for  an  optimized  orbit  where  the  target  latitude 
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and  satellite  inclination  are  matched,  will  yield  very  slightly 
larger  numbers  for  average  and  maximum  path  distances. 

37  The  average  chord  of  a  circle  is  2/jt  times  (about  two- 
thirds)  its  diameter. 

38  This  figure  and  many  of  the  subsequent  figures  will  show 
a  number  of  different  fields  of  regard.  However,  for  the  present 
discussion  of  orbital  constraints,  only  the  best  case  will  be 
discuss,  the  horizon  FOR.  These  figures  will  be  revisited  later 
when  begining  to  discuss  sensor  limitations  and  their  relationship 
to  fields  of  regard. 

39  As  the  rotational  speed  of  the  earth  varies  with  latitude, 
the  denominator  will  not  be  exactly  the  number  shown  in  Figure 
12,  but  will  be  close.  The  earth’s  rotational  speed  has  less  than  a 
10  percent  effect  on  the  speed  of  the  FOR  over  the  earth’s 
surface  between  polar  and  equatorial  orbits. 

40  Orbital  passes  are  not  actually  randomly  distributed.  They 
are,  in  fact,  quite  well  determined,  especially  when  highly 
variable  perturbations  such  as  atmospheric  drag  are  neglected. 
However,  for  most  orbits,  the  pattern  of  repetition  for  the 
satellite  passes  is  not  easily  discerned  by  the  warrior  on  the 
ground.  Unless  the  orbit  has  been  specifically  tailored  to  do  so 
(and  in  which  case  the  satellite  will  not  be  providing  the 
optimized  maximum  coverage  time),  the  warrior  cannot  say,  for 
example,  “I  will  get  two  passes  a  day,  one  at  noon  and  one 
midnight,  for  the  next  two  weeks.”  The  pattern  of  repetition  is 
vastly  more  complicated  than  that.  For  this  reason,  this  study  will 
use  the  term  pseudorandom  to  describe  the  pattern  of  satellite 
passes  over  a  spot  on  the  earth. 

41  Diffraction  effects  allow  waves  to  bend  around  objects. 
The  longer  the  wavelength,  the  more  pronounced  the  bending. 
We  will  ignore  these  effects  in  this  paper  as  they  only  add  very 
small  amounts  to  the  large  FOR  radii  we  are  typically  discussing. 
Electromagnetic  waves  are  also  refracted  or  bent  as  they  pass 
through  the  ionosphere.  This  bending  can  be  significant, 
especially  at  the  lower  radio  frequencies.  We  will  also  ignore 
these  effects  in  this  paper. 

42  The  discontinuities  in  the  slope  of  the  plots  are  due  to  the 
fact  that  pure  equatorial  and  pure  polar  orbits  are  much  more 
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efficient  for  optimizing  contact  times  when  certain  fractions  of 
the  fields  of  regard  can  cover  the  target  from  those  inclinations. 
Once  that  critical  FOR  fraction  is  crossed,  an  inclined  orbit 
becomes  more  effective.  The  slope  change  indicates  the  point  at 
which  the  orbit  goes  from  polar/equatorial  to  inclined. 

43  The  mass  numbers  quoted  here  only  involve  energy 
differences  between  the  two  orbital  states  for  the  payloads.  As 
some  portion  of  the  booster  will  likely  be  required  to  stay  with 
the  payload  longer  (and  thus  travel  higher)  in  order  to  get  the 
payload  into  the  higher  orbit,  the  energy  required  to  carry  the 
booster  higher  would  not  be  available  for  the  payload.  The  end 
result  is  that  the  actual  mass  that  could  be  put  into  the  500  km 
orbit  would  be  somewhat  lower  than  stated. 

44  The  data  shown  are  based  on  a  launch  from  the  Eastern 
Range  at  Patrick  AFB,  FL  to  put  a  satellite  into  a  Baghdad- 
optimized  orbit. 

45  D.J.  Knipp  et  al.,  “Simulating  Realistic  Satellite  Orbits  in 
the  Undergraduate  Classroom,”  The  Physics  Teacher  43, 
October  2005,  452-55.  Exact  values  depend  upon  satellite  mass, 
coefficient  of  drag,  and  cross  sectional  area. 

46  Briefing,  Kiziah,  “Joint  Warfighting  Space.” 

47  Speech,  Lt  Gen  James  A.  Abrahamson,  LEHA 
conference,  Air  Force  Research  Lab  in  Dayton,  OH,  28  October 
2003.  As  an  example  of  the  urgent  need  for  persistent  ISR, 
retired  Air  Force  Lieutenant  General  Abrahamson  used  a  form  of 
the  word  “persistent”  24  times  in  a  101-word  section  of  his 
speech  to  the  conference. 

No  ‘we  just  have  to  wait  until  the  aircraft  leaves’ 
persistent;  long  endurance,  comprehensive  and 
persistent;  persistent  with  change  detection;  long 
endurance  persistent;  not  deterred  by  bad  weather 
persistent;  no  ‘it’s  time  for  the  satellite,  so  hurry 
and  get  the  tarp  over  the  vehicle’  persistent;  24  x  7 
persistent;  always  active  persistent;  persistent; 
always  there  to  stare  persistent;  persistent, 
persistent,  persistent;  long  endurance  persistent; 
long  loiter  persistent;  persistent,  persistent, 
persistent,  persistent;  no  ‘wait  till  the  cloud  comes 
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over’  persistent;  persistent,  persistent,  persistent;  if 
they  want  to  operate,  they  have  no  cover:  24  x  7 
persistence. 

Briefing,  Loren  B.  Thompson,  “I-S-R:  Lessons  of  Iraq,  ”  Defense 
News  ISR  Integration  Conference,  Alexandria,  VA, 

18  November  2003. 

[The]  3rd  [Infantry  Division]  saw  numerous 
shortfalls  in  its  organic  ISR  and  access  to 
joint/national  assets:  [comm  links]  can’t  support 
fast  [and]  fluid  ops  over  long  distances;  divisions 
need  organic  collection  [and]  processing  capacity 
rather  than  relying  on  echelons  above  division; 
divisions  need  tactical  SIGINT  systems  that  can 
collect  [and]  jam  across  the  spectrum;  divisions 
must  have  UAVs  at  division  and  brigade  level  to 
provide  near-real  time  imagery  [and]  targeting. 

[The]  Marines  [were]  highly  critical  of  ISR 
shortfalls.  After  crossing  the  line  of  departure,  the 
division  received  very  little  actionable  intelligence 
from  external  intelligence  organizations. 
Intelligence  sections  at  all  levels  were  inundated 
with  information.  .  .  that  had  little  bearing  on  their 
missions.  The  existing  hierarchical  collections 
architecture,  particularly  for  imagery,  is  wildly 
impractical.  Solution:  procure  [a]  family  of  tactical 
intelligence  collections  platforms  (ground  [and]  air) 
and  decentralize  collection. 

COCOM’s  Feedback,  Briefing,  Hardy,  “TacSat  Demo.” 
“Persistence  needed  for  many  capabilities;  More  comm  and  ISR 
in  and  out  of  crises  (increased  bandwidth/comm  on  the  move).” 

48  Briefing,  Col  Steve  Prebeck,  “Joint  Warfighting  Space,” 
AFSPC  Science  and  Technology  Forum,  1  October  2004. 
Several  COCOMs  interviewed  for  reaction  to  a  comparison  of 
different  joint  warfighting  space  options  noted  that  satellites 
couldn’t  provide  the  persistence  they  needed. 

49  SMC/TD  (Directorate  of  Development  and 
Transformation)  is  one  of  the  primary  tactical  satellite  proponent 
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groups  in  the  USAF  and  has  produced  the  ideas  behind  many  of 
the  briefings  cited  in  this  paper. 

50  Rich  Tuttle,  “Air  Force  Studies  Unique  Orbit  for 
Projected  Family  of  Small  Sats  (satellites),”  NetDefense, 

1 1  March  2004. 

51  Briefing,  Byron  Flays,  Responsive  Space/Tactical 
Satellite  Utility  Analysis,  to  Brigadier  General  William  Shelton, 
Director  of  Plans  and  Policy,  STRATCOM,  April  2004 

52  Encyclopedia  Astronautica,  s.v.  “Molniya-1,”  “Molniya- 
2,”  and  “Molniya-3,” 

http ://www. astronautix. com/ craft/index. htm  (accessed 

12  Nov.  2005). 

53  The  earth  is  not  perfectly  spherical.  This  imperfection 
causes  several  orbital  perturbations  including  the  rotation  of  the 
apogee  point  of  an  orbit  that  the  63.4  degree  inclination  of  the 
MAGIC  orbit  is  designed  to  prevent.  The  discussions  of  these 
perturbations  are  beyond  the  scope  of  this  paper.  For  a  brief 
overview,  see  Sellers,  Understanding  Space,  273-276.  A  more 
mathematically  rigorous  treatment  may  be  found  in  Lars  G. 
Blomberg,  “Micro-Satellite  Mission  Analysis:  Theory  Overview 
and  Some  Examples,”  KTH  Report  ALP-2003-103,  Alfven 
Laboratory,  Royal  Institute  of  Technology,  Stockholm,  Sweden, 
March  2003, 

http://www.ee.kth.se/php/index.php?action=publications&cmd 
=download&id=390 1  &path=/php/modules/publications/reports/2 
003/&filename=3901.pdf&format=pdf  (accessed  6  April  2006). 

54  For  example,  see  Sellers,  Understanding  Space,  276. 

55  Space  et  al.  “Transforming  National  Security  Space 
Payloads.” 

56  T.  Ryan  Space,  “Point  Paper  on  Magic  Orbit  RF 
(MORF)”  (Unpublished),  20  Dec  2003.  The  acronym  “RF” 
refers  to  the  phrase  “radio  frequency.”  Rich  Tuttle,  “Air  Force 
Studies  Unique  Orbit  for  Projected  Family  of  Small  Sats 
(satellites).” 

57  Briefing,  Hays,  Responsive  Space/Tactical  Satellite 
Utility  Analysis. 

58  As  the  Lo  integral  (M.W.  Lo,  “The  Long-Term  Forecast 
of  Station  View  Periods”)  [used  for  previous  calculations  is  not 
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applicable  for  elliptical  orbits  and  orbits  with  repeating  ground 
tracks,  the  calculations  supporting  the  numbers  presented  for 
MAGIC  orbits  were  derived  from  orbital  propagation  models 
written  by  the  author  and  by  Mr.  John  Lundy  of  the  US  Air 
Force’s  Space  Warfare  Center].  Representative  results  were 
individually  verified  using  AFSPC’s  SCOPES  tool. 

Relevant  parameters  used  for  the  orbits  are:  apogee — 485  km; 
perigee — 7,800  km;  inclination — 63.435  deg.  As  this  study  deals 
with  global,  average  satellite  coverages,  specific  epochs,  right 
ascensions  of  the  ascending  node,  and  true  anomalies  were 
irrelevant.  Data  was  generated  for  the  satellite  position  every 
minute  over  a  complete  sidereal  day  at  various  latitudes  for  an 
arbitrary  45-degree  longitude  band  (as  the  MAGIC  orbit  shows 
eight-fold  symmetry,  only  one-eighth  of  the  possible  longitudes 
needed  to  be  sampled).  These  data  were  then  averaged  across  the 
latitudes  to  provide  the  mean  values  shown.  Maximum  and 
minimum  values  shown  are  the  absolute  maxima/minima  at 
specific  latitudes  for  any  of  the  sampled  longitudes. 

59  The  argument  of  the  perigee  that  maximizes  contact  time 
for  our  example  city  of  Bogota  is  actually  271.5  degrees,  a  slight 
shift  from  the  generalization  stated  in  the  text.  The  argument  of 
the  perigee  that  would  maximize  contact  time  for  southern 
hemisphere  targets  would  be  approximately  90  degrees. 

60  Ideal  electromagnetic  waves  propagate  as  spheres  or 
angular  sections  of  spheres.  The  area  of  a  sphere  is  47ir2/3 .  As  the 
energy  contained  at  any  particular  wavefront  must  remain 
constant  over  time  the  intensity  of  the  wave  at  any  point  on  that 
wavefront  must  decrease  to  counter  the  spherical  increase  in 
wavefront  area.  Thus,  as  the  wavefront  area  increases  as  r2,  the 
intensity  must  decrease  as  1/r2. 

61  K.  Endo,  “The  Radiation  Environment,”  http://radhome.g 
sfc.nasa.gov/radhome/papers/apl_922.pdf  (accessed  28  October 
2005).  J.E.  Mazur,  “An  Overview  of  the  Space  Radiation 
Environment,”  Crosslink:  The  Aerospace  Corporation  Magazine 
of  Advances  in  Aerospace  Technology >  4,  no.  2, 

Summer  2003. 

62  Tom  Page,  “‘Intelligent  Action’  Reaction,”  Aviation  Week 
and  Space  Technology >,  28  February  2005,  6. 
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63  Briefing,  Kiziah,  “Joint  Warfighting  Space.” 

64  John  Kennewell,  “Satellite  Communications  and  Space 
Weather,”  Australian  Government,  Ionospheric  Prediction 
Service  Radio  and  Space  Services,  Space  Weather  Agency  Web 
Site,  http://www.ips.gov.aU/Educational/l/3/2 

(accessed  26  October  2005). 

Trapped  radiation  is  much  lower  energy  particulate 
radiation  that  must  be  considered  for  satellites  that 
spend  any  significant  time  in  medium  altitude 
orbits.  The  Van  Allen  belts  are  in  fact  responsible 
for  the  bimodal  distribution  of  satellites.  Orbits 
below  about  1500  km  are  mostly  below  the 
radiation  belts,  whereas  geosats  lie  above  them. 
Satellites  in  semisynchronous  orbits  (eg  GPS)  must 
employ  radiation  hardened  components 
(particularly  in  the  computer  memory  area)  to 
survive  for  many  years.  So  far,  Molniya  type 
satellites,  with  very  elliptical  orbits,  are  the  only 
comsat  to  spend  much  time  in  the  Van  Allen  belts, 
and  even  these  transit  the  danger  region  fairly 
quickly  on  their  way  from  perigee  (where  they  are 
non-functional)  up  to  their  apogee  where  they 
spend  most  of  their  active  life. 

Flemming  Hansen,  “DTU  Satellite  Systems  and  Design  Course: 
Space  Environment,”  AAU  Cubesat  Website,  Aalburg 
(Denmark)  University  Student  Satellite,  2 1  August  200 1 , 
http://www.cubesat.aau.dk/documents/Space_Environment.pdf 
(accessed  26  October  2005). 

65  Retrograde  (east-to-west  instead  of  the  normal  west-to- 
east  direction  that  takes  advantage  of  going  in  the  same  direction 
as  the  earth’s  orbit)  MAGIC  orbits  with  inclinations  of  116.6 
degrees  may  be  obtained  from  Vandenberg  AFB,  but  only  with  a 
substantial  65  percent  mass  penalty  that  reduces 
the  1000  lb.  reference  to  only  350  lbs.  Wertz,  “Coverage, 
Responsiveness,  and  Accessibility.” 

66  One  proposed  method  to  avoid  the  launch  azimuth 
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